The effect of blockade of voltage-gated sodium (Na v ) channels by tetrodotoxin (TTX) on the V-log I function of the ERG b-and d-waves was investigated in light and dark adapted frog eyecups. TTX diminished the b-and d-wave amplitude under both conditions of adaptation at all stimulus intensities except for the middle intensity range in dark adapted eyes, where it had no effect on the b-wave amplitude. TTX delayed the time course of the responses, obtained with low intensity stimuli and widened the dynamic range of the b-wave. The inhibitory effect of TTX on the cone-mediated, but not rod-mediated b-and dwave amplitude persisted after the blockade of proximal retinal activity by NMDA, indicating that it may be due to a blockade of Na v channels on the ON and OFF bipolar cells.
Introduction
It is well known that tetrodotoxin (TTX)-sensitive voltage-gated sodium channels (Na v ) are prominent and functional in retinal ganglion and amacrine cells. More recently, tetrodotoxin-sensitive Na v channels have been obtained in some bipolar cells in several mammalian (rat, mouse and rabbit: Cui & Pan, 2008; Ma, Cui, & Pan, 2005; Mojumder, Frishman, Otteson, & Sherry, 2007; Pan & Hu, 2000; ground squirrel: Saszik & DeVries, 2005; human: Miyachi, Kawai, Ohkuma, Horiguchi, & Ichinose, 2006; Ohkuma, Kawai, Horiguchi, & Miyachi, 2007) and non-mammalian species (goldfish: Zenisek, Henry, Studholme, Yazulla, & Matthews, 2001 ; tiger salamander: Ichinose, Shields, & Lukasiewicz, 2005) . Voltage-gated sodium channels have been reported in both ON and OFF cone bipolar cells in goldfish (Zenisek et al., 2001 ) and rat (Cui & Pan, 2008; Pan & Hu, 2000) , but only in ON bipolar cells in tiger salamander and ground squirrel (Saszik & DeVries, 2005) . TTX-sensitive Na + currents have not been found in mammalian rod bipolar cells (Pan & Hu, 2000) . The functional significance of bipolar cell Na v channels is not yet fully understood. One possible way for assessment of their function is by analysis of the TTX effects on the ERG b-and d-waves, which are thought to depend mainly on the activity of ON and OFF bipolar cells, respectively (Dick & Miller, 1978; Dick, Miller, & Bloomfield, 1985; Green & Kapousta-Bruneau, 1999; Hanitzsch, Lichtenberger, & Mattig, 1996; Karwoski & Xu, 1999; Newman & Odette, 1984; Robson & Frishman, 1995; Sieving, Murayama, & Naarendorp, 1994; Stockton & Slaughter, 1989; Xu & Karwoski, 1994 Yanagida, Koshimizu, Kawasaki, & Yonemura, 1986) . Many authors have investigated the effect of TTX on the ERG waves, but the results obtained are in some aspects contradictory. In mammalian retina the effects of TTX appear to depend on the state of adaptation and stimulus intensities used. In conditions of dark adaptation TTX had no effect (Mojumder, Sherry, & Frishman, 2008) or caused enhancement (insignificant rat: Bui & Fortune, 2003; significant rabbit: Dong & Hare, 2000) of the b-wave amplitude, recorded with dim light stimuli. However, TTX did not alter the b-wave amplitude (rabbit: Dong & Hare, 2000) or slightly reduced it (Mojumder et al., 2008) , when bright stimuli were used in dark adapted eyes. In conditions of light adaptation TTX had slight enhancing (monkey: Rangaswamy et al., 2004 Rangaswamy et al., , 2007 Viswanathan, Frishman, Robson, Harwerth, & Smith, 1999) or strong inhibitory effect on the b-wave amplitude (rat: Bui & Fortune, 2003; Mojumder et al., 2008; mouse: Miura, Wang, Ivers, & Frishman, 2009 ). It has also been found that TTX delayed both the onset and time to peak of the b-wave and made it more prolonged under all conditions of light adaptation (Dong & Hare, 2000) . Some authors have contributed the effects of TTX on the b-wave to the altered activity of the third-order retinal neurons only (Dong & Hare, 2000; Rangaswamy et al., 2004 Rangaswamy et al., , 2007 Viswanathan et al., 1999) , but other authors have shown that the effects were entirely due to changes of the bipolar cell activity (Mojumder et al., 2008) . The effect of TTX on the d-wave has not been commented in none of these studies. It has been only shown that high concentrations of TTX almost completely eliminated the OFF response as well as the b-wave in the light adapted ERG of cat retina (Frishman & Steinberg, 1990) . There are no available data concerning the effect of TTX on the ERG waves under different conditions of light adaptation in amphibian retina. The early results of Murakami and Shigematsu (1970) have shown that TTX did not produce appreciable changes of the b-and d-wave amplitude in dark adapted frog retina. On the other hand TTX caused significant enhancement of the b-wave and insignificant reduction of the d-wave amplitude, obtained under photopic conditions in tiger salamander retina (Awatramani, Wang, & Slaughter, 2001) . Results obtained from transient ON bipolar cells in tiger salamander retinal slices indicate that TTX reduced the cone-mediated EPSPs in dim light, but not bright light adaptation conditions, indicating that TTX-sensitive Na v channels might regulate retinal network adaptation (Ichinose & Lukasiewicz, 2007) . Because TTX-sensitive Na currents have only been observed in a subclass of bipolar cells (Cui & Pan, 2008; Pan & Hu, 2000; Zenisek et al., 2001) , it remains unknown what is the contribution of these channels to overall sensitivity control in amphibian retina. That's why in the present study, we investigated the effect of TTX on the V-log I function of the ERG b-and d-waves in a wide range of stimulus intensities in conditions of dark and light adaptation.
Material and methods
The experiments were carried out on eyecup preparations of frog (Rana ridibunda), continuously superfused with Ringer solution at a rate of 1.8-2.0 ml/min and supplied with moistened O 2 (for details see Popova & Kupenova, 2009 ). The activity of Na v channels was blocked using tetrodotoxin (TTX -Sigma), dissolved in Ringer solution to a concentration of 3 lM. This concentration was proved to be sufficient for blockade of the ganglion cells spike activity in our eyecup preparations. The activity of proximal retina was blocked by using 1 mM N-methyl-D-aspartate (NMDASigma).
Light stimulation
Diffuse white light stimuli (150 W tungsten halogen lamp) with 5 s duration were repeated at interstimulus interval of 25 s. The test stimulus intensity (I t ) was changed in an ascending manner over a range of 11 log units by means of neutral density filters. The maximal intensity (denoted by 0) was 6 Â 10 8 quanta s
À1 lm
À2 at the plane of the retina. The test stimuli were presented in the dark or under diffuse white background illumination with intensity of À2.4 log. These light stimulation conditions allowed us to obtain rod-dominated responses (using low I t in dark adapted eyes) and cone-dominated responses (using high I t in dark adapted eyes or using rod-saturating background). The type of photoreceptor input was proved by ERG response spectral sensitivity assessment. A clear Purkinje shift (from 500 nm to 568 nm) was demonstrated during transition from dark to light adaptation. The same was true, when low intensity stimuli were substituted by high intensity stimuli in the dark adapted eyes.
Experimental procedure
The frogs were dark adapted for 24 h and then eyecups were prepared under dim red light. The test light stimulation started after a period of adaptation -30 min in the dark or 15 min under photopic background.
In a group of experiments the effect of 3 lM TTX (Ringer solution in controls resp.) was followed for a period of 25 min in photopic conditions using log I t = À3.0.
In the other groups of experiments after the period of dark or light adaptation, the V-log I function of the ERG waves was obtained using stimuli with increasing intensity (first series). The procedure of adaptation and test stimulation was then repeated and second V-log I function was obtained (second series). In the control experiments both series were obtained during perfusion with Ringer solution. In the test experiments the first V-log I function was obtained during Ringer solution perfusion and the second one -during perfusion with 3 lM TTX. The perfusion was switched from Ringer solution to 3 lM TTX 10 min before the beginning of the second intensity series, when the effect of the drug was fully developed (see Fig. 1 ). In another group of experiments the effects of perfusion with combination of TTX+NMDA were investigated and compared to the effects of perfusion with TTX or NMDA alone. The NMDA effects on the ERG waves are represented in our recent paper (Popova & Kupenova, 2009 ).
ERG recording and data analysis
The electroretinograms were recorded by means of non polarized Ag/AgCl electrodes at bandpass of 0.1-1000 Hz and digitized at 1 kHz. The amplitude of the ERG waves was measured from peak to peak. For assessment of the relative amplitude change at each I t , the values obtained in the second intensity series were normalized to the values obtained in the first series (%). This was done for both the control and test experiments. The peak amplitudes of the responses to stimuli of different I t were used for V-log I function evaluation. The absolute sensitivity of the ERG responses was assessed by their thresholds, estimated using 5 lV criterion amplitude. The b-wave V-log I function was fitted to the Naka-Rushton equation:
, where V, amplitude of the ERG waves; V max , its maximum; I, stimulus intensity above the background; I r , stimulus intensity required to produce half-maximum amplitude; n, exponent, related to the steepness of the V-log I function. The value of I r was used as an index of the response relative sensitivity. The dynamic range of the responses was estimated as intensity span of the responses with 5-95% V max amplitude. The V-log I function of the d-wave had a more complex character and it could not be fitted well to Naka-Rushton equation (for details see Popova, Kupenova, Vitanova, & Mitova, 1995) . Individual V-log I curves of the d-wave were constructed, then V max and I t , producing 0.5 V max (I r ), were obtained after curve smoothing using B-spline. The complex character of the d-wave V-log I function did not allow us to determine its dynamic range. For statistical evaluation of the data, Student's t-test (independent and paired), Two-Way ANOVA (alpha = 0.05) and Pearson correlation coefficient (R) were used.
Results

Light adaptation group
Experiments with one stimulus intensity
These experiments were carried out in order to evaluate the time course of the TTX effects. ERG was firstly recorded for 5 min in control conditions (during perfusion with Ringer solution) and then during perfusion with solution of TTX for another 25 min.
Switching the perfusion to 3 lM TTX caused significant diminution of the b-and d-wave amplitude (Fig. 1) . The effect on the ERG waves reached a plateau at the 10th min from the beginning of TTX perfusion and was stable until the end of the perfusion period. The b-and d-wave amplitudes recovered to a great degree during reperfusion with Ringer solution (Fig. 1 inset) .
Experiments with stimulus intensity series
The b-and d-wave V-log I functions in the control experiments of this group showed differences between the first and second intensity series in one and the same eyecup only in the higher intensity range, where the responses had greater amplitude in the second series in comparison to the first one (Fig 2a and b) . The absolute and relative sensitivity of the b-and d-waves as well as the dynamic range of the b-wave were not significantly different in the two series. This allowed us to evaluate the effect of TTX on these parameters using the first series of the test experiments as a control one.
The perfusion with TTX in the test experiments caused a diminution of the b-and d-wave amplitude ( Fig. 2c and d) . The relative change of the amplitude of the ERG waves, caused by TTX, differed significantly (Two-Way ANOVA p < 0.000001) from that in the control experiments at all stimulus intensities ( Fig. 3a and b) . The inhibitory effect of TTX on the b-and d-wave amplitude showed clear intensity dependence. It was greatest at very low (threshold) stimulus intensities and was less pronounced at higher intensities. The Two-Way ANOVA showed significant interaction between the effect of TTX and stimulus intensity (p < 0.000001) and the value of the correlation coefficient was also high (R = 0.65 for b-wave, R = 0.58 for d-wave). The absolute sensitivity of both the b-and d-waves was decreased, which was evident from the significantly higher values of their thresholds. The threshold of the b-wave was elevated from À4.64 ± 0.10 to À4.34 ± 0.06 (p < 0.0015) and that of the d-wave from À4.55 ± 0.08 to À4.28 ± 0.06 (p < 0.0003). The relative sensitivity of the b-wave remained unchanged, but that of the d-wave was slightly decreased (I r increased from À2.75 ± 0.06 to À2.66 ± 0.07, p < 0.007). The inhibitory effect of TTX on the d-wave amplitude was stronger than that on the bwave at all except the lowest intensities, which resulted in increased b/d amplitude ratio in the middle and higher intensity range (Fig 3c) . The dynamic range of the b-wave was significantly narrowed after the TTX treatment -from 2.48 ± 0.09 log units it became 2.30 ± 0.06 log units (p < 0.04). TTX slowed down the time course of the b-and d-waves at the lowest stimulus intensities and had no such effect at higher intensities (Fig. 3d , Table 1 ). These results imply that one of the functions of TTX-sensitive Na channels is to speed the time course and augment the amplitude of the threshold photopic ERG responses.
In order to obtain data about the retinal location of TTX effects we blocked the activity of third-order retinal neurons by using the glutamate agonist N-methyl-D-aspartate (NMDA). It is known that NMDA depolarizes amacrine and ganglion cells and eliminates their light responses (Coleman & Miller, 1988; Dixon & Copenhagen, 1992; Hare & Wheeler, 2009; Slaughter & Miller, 1983; Stockton & Slaughter, 1989) , but has no effect on the light responses of photoreceptors and distal retinal neurons (Krizaj, Akopian, & Witkovsky, 1994; Massey & Miller, 1987; Slaughter & Miller, 1983; Stockton & Slaughter, 1989) . In our experiments the perfusion with 1 mM NMDA caused marked increase of the b-wave amplitude at all but the lowest intensities (À4.5 and À4.0) and diminution of the d-wave amplitude at all stimulus intensities (Fig 4) . When TTX was added to NMDA, the effects of TTX on both the b-and d-wave amplitude were preserved. The b-wave amplitude during NMDA+TTX perfusion was significantly lower than that during the NMDA perfusion only at all stimulus intensities (Two-Way ANOVA p < 0.000001; Fig 4a) . The amplitude difference was almost the same as the difference between TTX and control experiments, indicating that the inhibitory effect of TTX on the b-wave amplitude was fully developed in the presence of NMDA. The effect of TTX on the time characteristics of the b-wave obtained with near threshold stimuli was also preserved (Table 1) , although NMDA alone did not alter them. Interestingly in the higher intensity range, the perfusion with TTX+NMDA delayed significantly both the onset and time to peak of the b-wave and led to the appearance of an additional positive hump on the descending limb of the b-wave (Fig 4c) . Neither TTX nor NMDA alone caused such an effect. The inhibitory effect of TTX on the d-wave was also preserved during the blockade of proximal retinal activity. Perfusion with TTX+NMDA caused a great inhibition of the d-wave amplitude at all stimulus intensities, which was equal or even greater than the sum of the inhibition caused by NMDA and TTX alone (Fig 4b) . The effect was strongest at the lowest stimulus intensities, where the positive d-wave was substituted by a negative OFF response (Fig 4c) . NMDA did not prevent the TTX effect on the time characteristics of the d-wave in the lower intensity range as well. Both the latency and time to peak of the d-wave were delayed (Table 1) , although NMDA alone did not alter them. Similarly to the b-wave, perfusion with TTX+NMDA slowed down the time course of the d-wave in the higher intensity range (Table 1) , although such an effect was not observed during the perfusion with TTX or NMDA alone. The results obtained indicate that the activity of third-order retinal neurons is not essential for the inhibitory effect of TTX on the photopic b-and d-waves.
Dark adaptation group
In the control experiments of this group the V-log I function of the b-and d-waves showed no significant differences between the first and second intensity series in one and the same eyecup with the exception of a slight enhancement of the d-wave amplitude at lower, rod-dominated part of the curve during the second series ( Fig. 5a and b) . The sensitivity of the responses as well as the dynamic range of the b-wave was practically identical in both intensity series.
In the test experiments TTX effect on the ERG waves depended on stimulus intensity used. TTX caused significant diminution of the bwave amplitude, obtained with low and high intensity stimuli (TwoWay ANOVA p < 0.00007), but had no effect on it in the middle intensity range (Fig 5c) . Two-way ANOVA showed significant interaction between TTX effect and stimulus intensity (p < 0.0002). The inhibitory effect was most pronounced at the lowest stimulus intensities (Fig 6a) , leading to increased value of the b-wave threshold (from À11.25 ± 0.07 to À10.86 ± 0.08; p < 0.0005). The decreased amplitude was accompanied by a slower time course of the responses in the lower intensity range (Table 1, Fig 6d) . The absolute sensitivity of the b-wave was decreased, but its relative sensitivity remained unchanged, because TTX had no effect in the middle intensity range, where I r point was located. The inhibitory effect of TTX was less expressed in the higher intensity range, where the time characteristics of the responses remained unchanged. Neither latency nor the time to peak of the responses to higher stimulus intensities was significantly altered after TTX treatment (Table 1) . TTX significantly narrowed the dynamic range of the scotopic b-wave (from 7.4 ± 0.19 to 6.86 ± 0.19 log units, p < 0.01), which was similar to the effect observed for the photopic b-wave. TTX had inhibitory effect on the d-wave amplitude within the whole intensity range (Fig. 5d) . The relative change of the amplitude after TTX treatment differed significantly from that in the control experiments at all stimulus intensities used (Two-Way AN-OVA p < 0.000001). As the d-wave threshold in the test experiments slightly increased (from À10.14 ± 0.18 to À9.94 ± 0.21), but that in the control experiments slightly decreased (from À10.19 ± 0.24 to À10.38 ± 0.25), the difference between them was statistically significant (p < 0.015). This result indicated that the absolute sensitivity of the d-wave was decreased under the influence of TTX. The time course of the d-wave was also slowed down in the lower intensity range (Table 1) . There was no strong correlation between the inhibitory effect of TTX on the dark adapted d-wave and stimulus intensity (R = 0.01). However, the relative sensitivity of the OFF response was slightly increased (value of I d decreased from À5.39 ± 0.11 to À5.64 ± 0.10, p < 0.009), because of some less expressed inhibition in the middle than in the lower intensity range (Fig. 6b) . The inhibitory effect of TTX in the higher intensity range was not accompanied by changes in the time characteristics of the responses (Table 1) . The comparison of the inhibitory effect of TTX on the b-and d-wave amplitude showed that it was expressed to nearly the same extent in the roddominated part of the V -log I function, while, in the cone-dominated part of the function, the d-wave amplitude was affected to a greater degree (Fig. 6c) . This led to a significantly greater value of the b/d amplitude ratio in the higher (Two-Way ANOVA p < 0.0001), but not in the lower intensity range.
Blockade of proximal retinal activity with 1 mM NMDA had different effect on the ERG waves in the lower and higher intensity range. NMDA caused significant diminution of the b-wave and no significant change of the d-wave amplitude, obtained with low intensity stimuli. However, it caused a significant enhancement of the b-wave and diminution of the d-wave amplitude, when high intensity stimuli were presented (Fig 7) . NMDA significantly increased the latency and time to peak of the rod-mediated b-wave, but had no effect on the time course of the cone-mediated b-wave. NMDA had no significant effect on the time characteristics of the dwave. Perfusion with combination of TTX+NMDA had the same effects on the b-and d-wave amplitude in the lower intensity range as the perfusion with NMDA alone (Fig 7a and b) . No significant difference was obtained between ERG wave amplitudes during perfusion with NMDA+TTX and NMDA alone in the rod-dominated part of the curves (Two-Way ANOVA p > 0.05). But the time course of both the b-and d-waves was slowed down (Table 1) . It was interesting to observe that the mean changes of the latency and peak latency of the b-wave was equal to the sum of changes caused by TTX and NMDA alone. These results indicated that inhibitory effect of TTX on the rod-dominated b-and d-wave amplitude, but not on their time course, depended entirely on the function of the third-order retinal neurons. On the other hand, the inhibitory The numbers on the right side indicate stimulus intensity (lg I t ). Calibration: time -500 ms, amplitude -50 lV.
effect of TTX on the b-and d-wave amplitude in the higher intensity range was preserved in presence of NMDA. The b-wave amplitude during NMDA+TTX perfusion was lower than that during the NMDA perfusion (Two-Way ANOVA p < 0.000001) and the amplitude difference was equal or even greater than the amplitude difference obtained between the experiments with TTX treatment and control experiments (Fig 7a) . The time course of the b-wave was significantly slowed down (Table 1) although neither TTX alone nor NMDA alone had such an effect. The effect was similar to that observed in light adapted eyes, when high intensity stimuli were presented. The diminution of the d-wave amplitude was also equal or even greater than the sum of the inhibitory effects of NMDA and TTX alone (Fig 7b) . In many of the experiments the positive d-wave disappeared and was substituted by a negative component. It was especially evident in the middle intensity range, where transition from rod-to cone-dominated responses occurred.
In the higher intensity range only a small positive component was preserved, which had delayed onset (Fig 7c) .
Discussion
Our results clearly demonstrate that the blockade of Na v channels by TTX significantly diminishes the b-and d-wave amplitude both in dark and light adapted eyes. The inhibitory effect of TTX is greatest at threshold intensities, where the effect on the amplitude is accompanied also by a slower time course of the responses. This result indicates that the absolute sensitivity of the rod and conemediated ERG b-and d-wave depends significantly on the function of Na v channels. These channels not only enhance the amplitude, but also speed up the time course of the threshold responses. Another function of Na v channels seems to be a widening of the dynamic range of the ERG ON response, because their blockade by TTX leads to narrowing of the b-wave dynamic range both in dark and light adapted eyes. The increased absolute sensitivity and the faster time course of the threshold responses along with the widened dynamic range of the b-wave might be the contribution of Na v channels to the retinal sensitivity control. It seems that these channels are not an important determinant of the relative sensitivity of the ERG waves, although they may influence slightly the relative sensitivity of the d-wave.
We suggest that the TTX effect on the cone-mediated b -and dwave amplitude is due mainly to blockade of Na v on the distal retinal neurons and not to blockade of Na v on the third-order retinal neurons. This suggestion is supported by our present results indicating that the inhibitory effect of TTX on the b-and d-wave amplitude, obtained in conditions favoring cone responses (light adapted eyes and higher intensity range in dark adapted eyes), persists after blockade of proximal retinal activity by NMDA. Our results are consistent with the results of some of the authors working on mam- malian retina, who have also obtained inhibitory effect of TTX on the cone-mediated b-wave (Bui & Fortune, 2003; Miura et al., 2009; Mojumder et al., 2008) . Some of these authors have observed that the inhibitory effect of TTX increases with the increase of stimulus energy (Mojumder et al., 2008) . The same dependence was demonstrated in our experiments if taken into account the absolute change of the b-wave amplitude. But if the relative amplitude change is taken into account, an opposite dependence was revealed -the b-wave diminution was greatest at the lowest stimulus intensities. We could not compare this result with the results of Mojumder et al. (2008) , because they have not calculated the relative amplitude change. The nearly parallel downward shift of the cone-mediated b-wave intensity-response function after TTX injection, reported by the same authors (Mojumder et al., 2007) , is consistent with our results for lack of change in b-wave relative sensitivity. The persistence of the TTX effect on the conemediated b-wave amplitude after inner retinal activity blockade, which was demonstrated in our experiments, is also consistent with the results obtained in mammalian retina (Mojumder et al., 2008) . It has been demonstrated that TTX retains its full effect in the presence of NMDA and glutamate receptor blocker CNQX, which block light-evoked responses of all second-and third-order neurons other than ON cone bipolar cells, suggesting that TTX exerts its effects on the b-wave through Na v channels located in ON bipolar cells themselves. Our results suggest that, in the frog retina, the inhibitory effect of TTX on the cone-mediated b-and d-wave amplitude is probably due to a direct action of TTX on Na v channels in the ON and OFF bipolar cells. A presence of Na v channels on both ON and OFF cone bipolar cells has been reported in goldfish (Zenisek et al., 2001 ) and rat (Cui & Pan, 2008) , while in tiger salamander and ground squirrel Na + current has been reported only in ON bipolar cells Saszik & DeVries, 2005) . Our results support the suggestion that in frog retina both ON and OFF bipolar cells express Na v channels. The functional significance of Na v channels appears to be greater for the OFF than ON bipolar cells, because the b/d amplitude ratio significantly increased during TTX treatment in conditions favoring cone responses (except for threshold ones). This result might be explained on the basis of knowledge of the activation and inactivation properties of Na v channels on the ON and OFF bipolar cells. It has been shown that sodium current through Na v channels in amphibian ON bipolar cells is activated at À60 mV and at more positive potentials. The current begins to inactivate at potentials more positive than À60 mV, being fully inactivated at À20 mV with inactivation half complete at a potential of À37.5 mV . There are no available data concerning the properties of Na v channels in amphibian OFF bipolar cells, but in mammalian retina it has been shown that they are similar to those of the ON bipolar cells (Pan & Hu, 2000) . The dark membrane potentials of bipolar cells are believed to be around À40 to À45 mV (Pan & Hu, 2000) with ON bipolar cells depolarizing and OFF bipolar cells hyperpolarizing in response to light stimulation. We might suggest that some of the a b c d sodium channels in ON bipolar cells would be in inactivated state in dark and they could not contribute to their depolarizing light response. On the other hand, the light-evoked hyperpolarization of OFF bipolar cell may partially remove the inactivation of the sodium channels. Therefore the Na TTX not only diminished the amplitude but also delayed the time course of the threshold cone-mediated b-and d-wave. The delayed time course of the b-wave under the influence of TTX has been reported for the rabbit ERG at all stimulus intensities (Dong & Hare, 2000) . We did not obtain significant effect of TTX on the time characteristics of the cone-mediated b-and d-wave at higher intensities. Such an effect was evident only after blockade of inner retinal activity with NMDA. In some of the eyecups a positive hump on the descending limb of the b-wave appeared during the perfusion with NMDA+TTX. The blockade of inner retinal feedback mechanisms onto bipolar cells by NMDA might contribute to the prolonged trailing edge of the b-wave as it has been suggested by Dong and Hare (2000) . Our results imply that, in frog retina, such contribution could be demonstrated only when the Na v channels on bipolar cells are blocked by TTX. Our results are not consistent with the results of Awatramani et al. (2001) , who have obtained insignificant enhancement of the photopic b-wave caused by TTX in tiger salamander retina. On the other hand, Ichinose and Lukasiewicz (2007) have shown that TTX reduced the cone-mediated light evoked EPSPs in transient ON bipolar cells in dim, but not bright light adaptation conditions in tiger salamander slice preparations. It has been also shown that TTX reduced the light evoked EPSPs in bright light, when slices were pretreated with D 1 receptor antagonist, leading to the suggestion that dopamine, released in bright light, attenuates the sodium channel-dependent amplification of L-EPSPs. It seems that in frog retina as well as in mammalian retina, dopamine does not play such crucial role, because the blockade of Na v channels causes significant diminution of the photopic b-and d-wave amplitude without pretreatment with dopamine antagonist.
We suggest that the inhibitory TTX effect on the rod-mediated b-and d-wave amplitude is due mainly to blockade of Na v channels on the third-order neurons. This suggestion is supported by our results showing that the blockade of proximal retinal activity by NMDA prevented TTX effect on the b-and d-wave amplitude. Our results are consistent with the results obtained in mammalian The numbers between the traces indicate stimulus intensity (lg I t ). Calibration: time -500 ms, amplitude -50 lV.
retina. It has been shown that TTX significantly diminished and slowed down the rod-mediated scotopic threshold response in mammalian ERG (Bui & Fortune, 2003; Mojumder et al., 2008) . The effect of TTX was prevented after optic nerve transection (Bui & Fortune, 2003) and inner retinal blockade by NMDA (Mojumder et al., 2008) . The mammalian scotopic threshold response can be distinguished from the scotopic b-wave, obtained with higher stimulus intensities, because of their different polarity.
In frog vitreal ERG they are of the same positive polarity and could not be differentiated. That's why we denote the threshold rod driven ON and OFF response as b-and d-wave respectively. In our study the blockade of third-order neurons prevented TTX effect on the rod-mediated b-and d-wave amplitude, but not on the time course of the responses. The latter effect of TTX might be due to an action of the blocker on the distal retinal neurons. We could not point out the site of this TTX action. As the bipolar cells in frog retina receive mixed input from rods and cones (Gabriel & Wilheim, 2001) , their Na v might be responsible for speeding up of the rodmediated light responses without an augmentation of their amplitude. TTX-sensitive sodium currents have been found in photoreceptors and horizontal cells of mammalian and non-mammalian retina (fish: Lasater, 1986; skate: Malchow, Qian, Ripps, & Dowling, 1990; cat: Ueda, Kaneko, & Kaneda, 1992; turtle: Martin, Anderton, Bursill, Le Dain, & Millar, 1996; human: Kawai et al., 2005; Mojumder et al., 2007) . Because these cells hyperpolarize in response to light, whereas Na v open when membranes depolarize, their lightevoked responses are not likely to be involved in the observed TTX effects, as it has been suggested by other authors (Mojumder et al., 2008) . We obtained that TTX had no apparent effect on the b-wave amplitude in dark adapted eyes in the middle intensity range, where transition from rod-to cone-dominated responses occurred. The same phenomenon could be seen in Fig. 2 of Mojumder et al. (2008) paper, although the authors have not commented it. The cause for the lack of apparent TTX effect at these intensities might be the action of two opposite processes on the b-wave generating mechanisms -a direct inhibitory effect of TTX on the ON bipolar cells and an indirect enhancing effect produced by a blockade of Na v channels on the inhibitory inner retinal neurons. This suggestion is supported by the fact, that at these intensities a transition from overall inhibitory to overall enhancing effect occurs during the proximal retinal activity blockade by NMDA. The same is not true for the d-wave, because NMDA has inhibitory, but not enhancing effect on the cone-dominated part of the V-log I function in the dark adapted eyes. Thus, the inhibitory effect of TTX on the OFF bipolar cells is not opposed by its action on the proximal inhibitory neurons and we observed diminution of the d-wave amplitude in the whole intensity range in the dark adapted eyes.
In conclusion, our results show that the TTX-sensitive Na v channels take part in the generation of both the rod-and cone-dominated b-and d-wave in the frog ERG. Their participation seems to be very important for generation of the threshold responses, because they augment their amplitude and speed up their time course. Thus, the TTX-sensitive Na v channels may contribute to achievement of high absolute sensitivity of the retina in conditions of dark and light adaptation. An important consequence of the strong enhancing effect of Na v channels exerted at the lower stimulus intensities is also a widening of the dynamic range of the bwave, so that dynamic increment responses can be obtained over a greater range of stimulus intensities.
